The use of compounds produced by symbiotic bacteria against pathogens in animals is one of the most exciting discoveries in ecological immunology. The study of those antibiotic metabolites will enable an understanding of the defensive strategies against pathogenic infections. Here, we explore the role of bacteriocins explaining the antimicrobial properties of symbiotic bacteria isolated from the uropygial gland of the hoopoe (Upupa epops). The antagonistic activity of 187 strains was assayed against eight indicator bacteria, and the presence of six bacteriocin genes was detected in the genomic DNA. The presence of bacteriocin genes correlated with the antimicrobial activity of isolates. The most frequently detected bacteriocin genes were those encoding for the MR10 and AS-48 enterocins, which confer the highest inhibition capacity. All the isolates belonged to the genus Enterococcus, with E. faecalis as the most abundant species, with the broadest antimicrobial spectrum and the highest antagonistic activity. The vast majority of E. faecalis strains carried the genes of MR10 and AS-48 in their genome. Therefore, we suggest that fitness-related benefits for hoopoes associated with harbouring the most bactericidal symbionts cause the highest frequency of strains carrying MR10 and AS-48 genes. The study of mechanisms associated with the acquisition and selection of bacterial symbionts by hoopoes is necessary, however, to reach further conclusions.
Introduction
A prime cause of organism illness and death involves bacteria, against which animals and plants have developed a wide variety of defensive strategies. Apart from physical barriers, several antimicrobial substances are produced by the innate immune system to fight bacterial infections (reviewed in Jenssen et al., 2006; Rajchard, 2010) . In addition, several types of animal behaviours like preening may also diminish the probability of infection by microorganisms (Moore, 2002) . Animals may also use substances secreted by other organisms that eliminate parasites (selfmedication, Lozano, 1998) or use material with antibiotic properties for nest sanitation (Clark & Mason, 1985 , 1988 Mennerat et al., 2009) . In this sense, the finding that animals use compounds from metabolism of symbiotic bacteria against pathogens (reviewed in Soler et al., 2010) is one of the most exciting discoveries in ecological immunology.
To impede the growing of competitors, bacteria produce a broad spectrum of antibiotic weapons (Riley & Wertz, 2002) , among which bacteriocins are the most intensely studied. These are small peptides ribosomally synthesized by a wide range of bacteria, with a variable antimicrobial spectrum (Riley & Chavan, 2007) , and have been isolated from very different symbiotic organisms (Giraffa et al., 1997; Holtsmark et al., 2008; Brandão et al., 2010; Desriac et al., 2010) . However, the hypothetical benefits that hosts obtain from bacteriocins produced by symbiotic bacteria remain poorly studied under natural conditions. The hoopoe (Upupa epops) is involved in a symbiotic relationship with bacteria living in its uropygial gland (Soler et al., 2008; Mart ın-Vivaldi et al., 2009) . Notably, enterocin MR10 produced by the Enterococcus faecalis strain MRR10-3 isolated from the uropygial secretion of a nestling hoopoe, has been demonstrated to act against a wide range of bacteria (Mart ın-Platero et al., 2006) . Moreover, there is evidence in the hoopoe for the beneficial effects of bacteriocins, which prevent feather degradation through the inhibition of the keratinolytic bacterium Bacillus licheniformis , and the experimental deactivation of proteins on the eggshells of hoopoes decreased hatching success under natural conditions (Soler et al., 2008) .
The main objective of the present work was to characterize preliminarily the bacteriocins produced by symbiotic bacteria living in the uropygial gland of the hoopoe and their antimicrobial activity, which will help explain the symbiotic association. We thus explored (1) the frequency of bacteriocin genes in strains isolated from the hoopoe's uropygial glands; (2) the antimicrobial capacity of those strains; and (3) the relationship between the presence of bacteriocin genes coding for bacteriocins with the antibiotic properties of those strains. We also sought (4) to identify the different combinations of bacteriocin genes in the strains, as well as (5) their relationship with the antimicrobial activity. In addition, (6) we checked the incidence of cultivable bacterial species in uropygial glands of the hoopoe in relation to the differences in distribution of bacteriocin genes and antimicrobial ability.
If bacteriocins play a major role in determining antibacterial properties of the hoopoe's secretions, we would expect that those bacteriocins and bacterial species with a broader inhibition spectrum (and therefore more beneficial as symbionts) should be more widely distributed within the hoopoe population studied, due to their ability for directly excluding competitor strains, as well as to the benefit derived indirectly from the reproductive success of their hosts, thereby increasing their chance of being transmitted to future generations of hoopoes. The uropygial gland secretion was extracted from nestlings 19-21 days old, and from incubating adult females. After separating the feathers around the gland and disinfecting skin around gland entrance with ethanol, uropygial secretion was extracted with a micropipette gently introduced within the papilla of the gland. Later (within the next 24 h) in the laboratory, 5 lL of a 1 : 5 dilution with sterile distilled water of each secretion was spread onto plates (one individual secretion per plate) with the general culture medium Tryptic Soy Agar (TSA; Scharlau, Barcelona, Spain). Plates were incubated aerobically for 24 h at 37°C, and afterwards, five randomly selected colonies from each plate were isolated (see RuizRodr ıguez et al., 2012 for more details of isolation) and kept in 500 lL of sterile 70% glycerol at À80°C until further analyses. For DNA extraction, each of the isolated strains kept in glycerol was spread onto Brain Heart Agar (BHA; Scharlau) plates and incubated for 24 h at 37°C. Then, each colony was spread onto different TSA slant tubes and incubated for 24 h at 37°C. After growing, each colony was transferred to 1 mL of BHI, incubated for 24 h at 37°C and centrifuged for DNA extraction. A total of 187 isolates from 52 individual hoopoes (2 females and 50 nestlings) belonging to 24 nests were obtained for subsequent analyses.
Material and methods

Genotyping and identification of isolates
Bacterial genomic DNA from pure cultures was extracted following a modification of the 'salting-out' procedure (Mart ın-Platero et al., 2007) . The strains were genomically typed by the random amplified polymorphic DNA (RAPD-PCR) method (Williams et al., 1990) . Reactions were performed following the protocol described in Mart ın- . Amplified DNA fragments were analysed by electrophoresis through 1.5% agarose gels at 30 volts for 16 h in a 1 9 TAE buffer (40 mM Tris-acetate, 2.5 mM EDTA, pH 8) and revealed in ethidium bromide (0.5 lg mL À1 ). The 1-Kbp Ladder (Biotools, Madrid, Spain) was used as the molecular size standard. Gels were photographed on an UV trans-illumination table (Vilber Lourmat, Marne-la-Vall ee, France). Fingerprint pattern images produced by RAPD-PCR were analysed with the Fingerprinting II INFORMATIX Software 2000 (Bio-Rad, Hercules, CA). To cluster all the strains in RAPD groups, we used similarity coefficients based on the Pearson's product-moment correlation coefficient to build dendrograms based on the unweighted pair group method with arithmetic mean algorithm. RAPD and cluster analyses were repeated with randomly selected samples to establish the level of strength identity (i.e. RAPD group). The level of similarity of the strains included in the same RAPD group was established at 80%.
We sequenced a 700-bp fragment of the 16S rRNA gene of each of the selected isolates representative of all the RAPD groups. This fragment includes the variable regions V1-V4, which allow the molecular identification of bacterial strains. The PCR was carried out using a 50 lL (total volume) mixture containing 5 lL of 10 9 Taq reaction buffer, 10 lL of 5 9 Taq enhancer, 1.5 mM magnesium diacetate, 400 lM of dNTPs, 0.4 lM of primer WO1 (5′-AGAGTTTGATC[AC]TGGCTC-3′), 0.4 lM of primer WO12 (5′-TACGCATTTCACC[GT] CTACA-3′), 1 U of Eppendorf Master Taq polymerase and 1 lL of template DNA. The amplification programme consisted of an initial denaturing step of 94°C for 4 min, followed by amplification using 30 cycles of 30 s at 94°C, 30 s at 50°C and 60 s at 72°C and then a final extension at 72°C for 2 min. PCR products were purified with a Perfectprep gel cleanup kit (Eppendorf, Hamburg, Germany). The sequence of the 16S rRNA gene was determined using CEQ 2000 dye-terminator cycle sequencing with a Quick Start kit (Beckman Coulter, CA), according to the manufacturer's instructions. The resulting sequence was analysed with a CEQ DNA ANALYSIS SYSTEM (version 4.0). The overlapping sequences found were merged using the LASERGENE program, version 5.05 (DNASTAR, Inc., Madison, WI). To identify the species of our isolated strains, a search for homology of the DNA sequence was made using the BLAST algorithm (Altschul et al., 1990) available at the National Center for Biotechnology Information (USA), from the '16S rRNA gene sequences (Bacteria and Archaea)' database, optimized for the 'highly similar sequences (megaBLAST)'. A target sequence was assigned to the species with the highest percentage of coincidence in the nucleotide sequence obtained. A total of 50 sequences from 34 RAPD groups were used in this study, which have been deposited in the GenBank database with the accession numbers of KC481273-KC481322.
Bacteriocin genes detection
Because all the strains detected were enterococci (see Results), DNA was screened for the presence of different enterocin genes by dot-blot hybridization in 187 isolates with a Bio-Dot microfiltration equipment (Bio-Rad), as described in Mart ın- . The dot-blot hybridization is a rapid and easy molecular tool that has proved effective in detecting bacteriocin genes (Devi & Halami, 2011) . Six well-known enterocin genes belonging to diverse bacteriocin groups (Table 1) 
Study of antimicrobial activity of the isolates
The antimicrobial activity of the 187 isolates was tested against eight indicator strains from different taxonomical groups according to the double-layer technique (Gratia & Fredericq, 1946) . The indicator strains were B. licheniformis D13, E. faecalis S-47, E. faecium UJA34 and Lactococcus lactis LM2301 from the laboratory collection, and Listeria innocua CECT 4030, Listeria monocytogenes CECT 4032, Micrococcus luteus CECT 241 and Staphylococcus aureus CECT 240 from the Spanish Type Culture Collection (CECT).
Each colony isolated from hoopoes was replicated by spotting onto BHA and incubated 24 h at 37°C. After growing, plates with 30-35 different replicated colonies were covered with 6 mL of BHI-B (1.8% BHI, 0.8% agar in 0.1 M pH 7 phosphate buffer), inoculated (2%) with 100 lL of an overnight culture of one indicator strain and then incubated 24 h at 37°C. The appearance of a clear inhibition zone around the strain spot indicated the production of some inhibitor substance active against the indicator strain. The intensity of the activity was also measured by the diameter of the Bacteriocin genes and antimicrobial capacity inhibition halo: 0 (no halo), 1 (a small ring around the colony, width < 1 mm), 2 (ring width = 1-2 mm), 3 (ring width = 3-4 mm) and 4 (ring width > 4 mm). The index of antagonistic activity was calculated as the average activity intensity against the eight indicator bacteria tested.
Statistical analysis
Log-linear analyses with chi-squared tests were used to explore the predicted association between the presence of different bacteriocins (identified by the presence of their enterocin genes; see above) and the detection of antagonistic activity of isolates. Overall differences in antagonistic activity against the eight indicator bacteria among isolates with or without a particular bacteriocin were explored by estimating the chi-squared value and its associated P-value, following the formula in Sokal & Rohlf (1995) :
where k is twice the number of different statistical analyses, and p is the P-value of the i analysis. The 'antagonistic activity index' variable did not follow a normal distribution even after Box-Cox transformations, and therefore, a nonparametric statistic was used. For testing differences among antagonistic activity of strains with different enterocin genes, Mann-Whitney U-tests were used. The Kruskal-Wallis test was used to calculate differences in the antimicrobial activity associated with (1) the number of enterocin genes that were present and with (2) the bacterial species of isolates. All the analyses were performed with STATISTICA 7 software (Statsoft, 2006) .
Results
Prevalence of bacteriocin genes and their association with antagonistic activity
All the bacteriocin gene probes used in this study hybridized with some isolates. At least one of the screened bacteriocin genes appeared in 64% (N = 120) of the isolates analysed (N = 187). A single bacteriocin gene was found in 48 samples (26%), two in 53 (28%), three in 16 (9%) and four in 3 (2%) isolates. The most frequent bacteriocin gene was the MR10, followed by the AS-48 (Fig. 1) , which frequently hybridized with the same isolates. Actually, 77% of the isolates that hybridized with two genes and 75% of those with three or more genes harboured both AS-48 and MR-10. Positive hybridization for the enterocin genes of MR10 and AS-48 was detected in 17 (70%) of the 25 hoopoe nests sampled and in 25 (48%) and 26 (50%) individuals (N = 52), respectively (Fig. 1) .
A total of 79% of the colonies (N = 187) isolated from the 83% of the individuals (N = 52) and 96% of nests (N = 25) sampled demonstrated inhibition activity against one indicator bacterium or more (Table 2) . Overall, the presence of bacteriocin genes and the detection of antimicrobial activity of isolates against at least one indicator bacterium were closely associated (v 2 12 = 58.54, P < 0.0001). Univariate results showed significant association between the presence of a particular bacteriocin and antimicrobial activity for EJ97 (v 2 1 = 4.44, P = 0.03), AS-48 (v 2 1 = 26.51, P < 0.0001) and MR10 (v 2 1 = 27.49, P < 0.0001), but no other bacteriocin appeared to be significantly related to the detection of inhibition capacity of isolates (enterocin A, enterocin B and enterocin P; v 2 1 < 1.48, P > 0.22). Moreover, antimicrobial activity of isolates with the bacteriocin genes MR10 and AS-48 was higher than that of isolates without these genes (MR10: Medians = 0.75 vs. 0.37, Mann-Whitney U-test, Z = À4.31; P < 0.0001; AS-48: Medians = 0.75 vs. 0.50, Mann-Whitney U-test, Z = 4.22; P < 0.0001). The presence of other bacteriocin genes did not affect the level of antimicrobial activity.
In addition, the number of bacteriocin genes was associated with the antimicrobial activity values of the isolates (Kruskal-Wallis test, H 4,187 = 18.54, P = 0.001). Post hoc comparisons revealed that this effect was due to the higher activity of isolates holding two genes with respect to strains without genes (Medians 0.75 vs. 0.25, P < 0.001; no other post hoc comparison reached statistical significance, P > 0.16 for all of them). In fact, a positive correlation was found between the antagonistic activity index and the number of positive hybridizations (Spearman r = 0.298, t 185 = 4.24, P < 0.001). Because the most common combination of two bacteriocin genes was that of AS-48 and MR10, the results suggest that the effects of both together are the sum of the two separately, or even a synergetic antimicrobial activity of these bacteriocins could also exist. In accordance with this possibility, antagonistic activity index of strains with both genes (N = 54, median 0.75) was higher than that of isolates where they did not appear together (N = 133, median 0.5; Mann-Whitney U-test: Z = À3.53, P < 0.001).
Bacterial species identification
The 187 colonies isolated from hoopoe's uropygial glands were clustered in 40 RAPD groups, and all of them were identified as Enterococcus. However, in 6 groups containing 24 (13%) isolates, the species determination was ambiguous, and we did not consider those strains for further analyses that included species identity as a factor. From the another 34 groups (unequivocally identified at species level) comprising of 163 (87%) isolates, in 16 of them, a second randomly selected isolate was also sequenced to validate our species identification approach. For all cases, the species assigned to both isolates from the same RAPD group was the same. All the isolated strains were identified as one of the following six bacterial species: E. faecalis (58%), E. faecium (22%), Enterococcus mundtii (9%), Enterococcus casseliflavus (5%), Enterococcus avium (5%) and Enterococcus gallinarum (2%).
Enterococcus faecalis was the most abundant species when considering either nests or individuals from which samples were collected (Fig. 2) . This species averaged the highest number of bacteriocin genes per isolate (1.52), followed by E. faecium (1.11), E. mundtii (0.5) and E. avium (0.25) (Kruskal-Wallis test, H 3,152 = 29.59, P < 0.001; post hoc comparisons: E. faecalis vs. E. mundtii and E. avium, P < 0.005, E. faecalis vs. E. faecium = 0.1; the rest of combinations: P > 0.26). For E. casseliflavus and E. gallinarum, we failed to detect any of the bacteriocin genes (Table 2 ). More than 50% of the isolates of each of the detected bacterial species demonstrated antagonistic activity, including those species in which we did not find the bacteriocin genes.
Enterococcus faecalis was the only species that presented activity against all the eight bacteria assayed (Table 2) , and the only one in which the bacteriocin MR10 was found. Of the bacterial isolates identified as E. faecalis, 94% were active against at least one indicator strain (Fig. 2) . Furthermore, average values of inhibition index of isolates of different species differed significantly (KruskalWallis test, H = 25.55, P < 0.001), E. faecalis being the species with the highest inhibition index (Fig. 3) .
Discussion
In the present work, we isolated only cultivable bacteria because antimicrobial activity of strains can be estimated only for colonies that grew on solid media under laboratory conditions. We found that all the culturable colonies isolated belonged to the genus Enterococcus, with E. faecalis being the most frequent species, widely distributed among nests and individuals. Different species of bacteria usually Bacteriocin genes and antimicrobial capacity differ in the incidence and expression of bacteriocin genes, as well as in their antimicrobial activity (Strompfov a et al., 2008; Almeida et al., 2011) , but E. faecalis contained the highest number and diversity of bacteriocin genes of the six species isolated from hoopoe glands ( Table 2) . Our results suggest that the higher prevalence of this species may be due to natural selection favouring the association of E. faecalis in the hoopoe secretion because of the related beneficial effects for their hosts. Considering all the isolates, we found that this species not only inhibited all the indicator strains assayed (Table 2) , but also presented the highest inhibition index (Fig. 3) . Indeed, genes of bacteriocins associated with higher antimicrobial activity (MR10 and AS-48) were almost exclusive of E. faecalis. Given the beneficial effects of bacteriocin production by symbionts demonstrated for hoopoes under laboratory and field conditions, it is possible that the most efficient bacteriocin-producing species and strains have been selected for their effects on hoopoe success, shaping the microbial composition of hoopoe's uropygial gland to comprise a microbial community that confers a higher antimicrobial protection for the avian hosts. We have shown that the presence of enterocin genes in isolates was positively associated with the presence of antimicrobial activity in isolates, implying that the detection of the bacteriocin genes in Enterococcus isolates through dot-blot hybridization is a reliable tool to assess the potential antimicrobial activity of a given strain. In particular, we found that the bacteriocin genes that determined the inhibition capacity of isolates from hoopoes' uropygial glands were MR10, AS-48 and EJ97, although other bacteriocins as well as chemical compounds secreted as a result of bacterial metabolism (Mart ın-Vivaldi et al., 2010) could be involved not only in the existence, but also in the intensity and spectrum, of the antagonistic activity of strains by enhancing the action of a single bacteriocin (Luders et al., 2003; McEntire et al., 2003) .
The existence of bacteriocin genes in the symbiotic strains may benefit hoopoe hosts by reducing the risk of infection by bacterial pathogens. However, we detected considerable variation in the frequency of different genes, their distribution among symbiont species, as well as in the antimicrobial capacity of isolates (see Results). The variation in antimicrobial activity is related to genetic profile of strains and is consistent among strains belonging to the same individuals or nests (Ruiz-Rodr ıguez et al., 2012) . In addition, we found in this work that benefits mediated by symbionts of hoopoes would also depend on the occurrence of bacteriocin genes in the strains hosted. The association between fitness benefits for hoopoes (i.e. antimicrobial effects) and genotype of bacteria support the possibility that natural selection favours hoopoes that host the most competitive bacterial strain in their uropygial gland.
A single bacterial strain may harbour genes far more than one bacteriocin, and the effects of bacteriocins may be synergetic (Coelho et al., 2007) . Thus, not only the presence of particular bacteriocin genes, but also the combination of the effects of respective bacteriocins, might improve the antimicrobial capacity of a given strain of the hoopoe's symbionts. Most of the isolates from hoopoe uropygial glands contained more than one Antagonistic activity index bacteriocin gene and the products of which may therefore have summative or even synergetic antimicrobial effects (Casaus et al., 1997; Cintas et al., 1998 Cintas et al., , 2000 Criado et al., 2006) , and thus, groups of particular bacteriocin genes may offer greater benefits for hoopoes. We have shown that the combination of MR10 and AS-48 genes is the most common one and the group with highest antimicrobial capacity. Thus, the very high prevalence of this group of bacteriocin genes may in fact be the result of natural selection favouring hoopoes with these bacterial strains. However, little is known of the mechanisms explaining acquisition of symbiotic bacteria by hoopoes, and therefore, we can only speculate on the possibility that the positive relationship between antimicrobial capacity and presence of particular bacterial genotypes was the result of natural selection processes acting on hoopoes. Alternatively, those bacterial strains with higher antimicrobial potential could be more successful eliminating competitors and therefore would prevail over the rest, decreasing the bacterial load in hoopoe's glands and consequently the probability of infection (Mennerat et al., 2009 ).
